ABSTRACT | The sustainability of the elderberry antioxidants during gastrointestinal (GI) digestion was monitored using an in vitro GI digestion model involving pepsin digestion (to simulate gastric digestion) and pancreatin digestion (to simulate small intestine conditions). The potential bioavailability of elderberry antioxidants after GI digestion was further determined by employing a membrane model using dialysis tubing. Our results showed that simulated GI digestion significantly decreased 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity of the elderberry antioxidant extract, but had no effect on its total phenolic content (TPC) and oxygen radical absorbance capacity (ORAC) value. After GI digestion, more than 75% of phenolic content in the elderberry extract was absorbable according to our simulated dialysis experiment. The impact of GI digestion on individual antioxidants in the elderberry extract was determined by reverse-phase high performance liquid chromatography (HPLC). Ten individual antioxidants were identified and quantified by HPLC with chlorogenic acid, rutin, catechin, p-coumaric acid, and quercetin as the major phenolic compounds in the elderberry extract. GI digestion increased the concentrations of chlorogenic acid and p-coumaric acid but decreased epicatechin and quercetin 3-glucoside content in the elderberry extract.
INTRODUCTION
The elderberry fruit (Sambucus nigra L.) is a rich source of phenolic compounds. Evidence is accumulating which supports the health promoting quality of phenolic antioxidants participating in redox reactions ubiquitously occurring in biological milieus, including the plasma, tissues, organs, and gastrointestinal environments. Dietary phenolic compounds may facilitate homeostasis of oxidative stress once consumed. However, a limiting factor of the health promoting phenolic compounds is their stability, possible degradation during digestion, and poor bioavailability. The bioavailability of phenolic compound-derived metabolites from elderberry in humans has been detected, albeit in low concentrations [1] [2] [3] . With the heightened interest in health promoting role that bioactive compounds play, screening the potential candidate compounds efficiently and cost-effectively with an in vitro digestive model which mimics biological digestive system is useful for determining the fate of the compounds in the early stage of research [4, 5] . To this end, the goal of this study was to investigate how gastrointestinal (GI) digestion affects elderberry antioxidants in regards to their antioxidant activities, chemical structure, stability, and potential bioavailability using an in vitro GI digestion and membrane model.
Understanding the instability and degradation of dietary phenolic compounds within the GI tract is important for clarifying factors affecting their activity and bioavailability [6, 7] . For example, it has been hypothesized that the cyanin ionic form existing at neutral pH in the small intestine is less stable and degrades rapidly into unknown metabolites [8] . On the contrary, anthocyanins are stable in their acidic form typically present in the gastric milieu [9, 10] . Due to this dynamic environment the stability of cyanins may be the reason for their limited absorption across gastric or intestinal walls and subsequent metabolic fate. Information on bioavailability of specific phenolic compounds can be obtained by conducting human and animal absorption studies [11] . However, there remains a need to take advantage of in vitro gastrointestinal models which can be executed more rapidly and are typically an inexpensive approach to assess bioavailability.
In the present study, an in vitro digestive model, similar to other methods previously used on phenolic compounds [10, 12, 13] , was designed which provides a rapid, inexpensive preliminary strategy to investigate the elderberry and its associated bioactive compounds. In vitro GI models are useful because they can be customized to mimic or simulate biological digestive processes, useful for elucidating and monitoring the biofunctional status and bioavailability of specific components [10, 14] . During digestion anthocyanins are exposed to a wide range of pH conditions in the gastric and intestinal tract, both of which may affect their bioavailability [10] . The stomach is one of the metabolic sites of digestion of phenolic compounds as well as a site where cyanins are absorbed through the gastric membrane for transport in the plasma. Anthocyanins are exposed to pepsin in the acidic gastric milieu. The pancreatin digestion occurs in the small intestine which is the site of the majority of cyanin absorption.
For the purposes of this study, both the effect of live and inactivated pepsin in the stomach on the functional properties of elderberry crude extract were compared, such as their antioxidant capacity in regards to oxygen radical absorbance capacity (ORAC) and ability to scavenge reactive free radicals such as, 2,2-diphenyl-1-picrylhydrazyl (DPPH). Similarly, the small intestinal pancreatin enzyme in both the inactivated and live forms was assessed for its influence on the antioxidant properties of the elderberry crude extract. This is important because most of pre-VOLUME 2 | ISSUE 6 | NOVEMBER 2016 
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vious studies used crude extracts for antioxidant evaluation where the important effects of GI digestion on dietary antioxidant bioaccessibility were missed. In addition, the digested elderberry mixture was further evaluated for their potential absorption in GI tract using a dialysis tubing model for GI simulation. The possible modification of individual elderberry phenolic compounds during simulated GI digestion was also monitored by high performance liquid chromatography (HPLC) profiling.
MATERIAL AND METHODS
Materials
Pancreatin, pepsin, gallic acid, Folin-Ciocalteu's phenol reagent, caffeic acid, delpnindin chloride, and malvidin chloride were purchased from SigmaAldrich (St. Louis, MO, USA). Formic acid was obtained from Fisher (Fair Lawn, NJ, USA). Bile salts, fluorescein, malvidin 3-O-galactoside, cyanidin 3-glucoside, quercetin 3-glucoside, chlorogenic acid, ferulic acid, and p-coumaric acid were acquired from Fluka (Buchs, Switzerland). Apigenin, curcumin, catechin, epicatechin, epicatechin gallate, epigallocatechin, epigallocatechin gallate, hesperitin, indole-3-carbinol, kaempferol, luteolin, myricetin, naringenin, and resveratrol were obtained from LKT laboratories (St. Paul, MN, USA). DPPH and pelargonidin chloride were purchased from Aldrich (Milwaukee, WI, USA). Trolox (6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid), quercetin hydrate, and rutin were purchased from ACROS (Geel, Belgium). 2,2'-Azobis (2-amidinopropane) dihydrochloride (AAPH) was purchased from Wako (Richmond, VA, USA).
Sample and Standard Preparation
Samples of organic elderberries (Sambucus Nigra L.) were obtained from Starwest Botanicals, Inc. (Sacramento, CA, USA). The elderberry samples were frozen and chopped into small pieces, stored overnight at -80℃, and lyophilized with a freeze-dryer (Labconco Freeze Dry System Lyph Lock 6, Kansas City, MO, USA). The samples were milled into fine powder and then used for the in vitro digestion and dialysis study, after which antioxidant activity assays and HPLC were performed. Twenty six antioxidant standards were included in HPLC analysis to identify antioxidants in the elderberry. All antioxidant standards were dissolved in 100% methanol.
In Vitro Gastrointestinal Digestion Simulation
An overview of the in vitro digestion process utilized is presented in Figure 1 according to our previous publication. Specifically, the procedure was comprised of a pepsin-HCl digestion for 2 h at 37℃ (to simulate gastric digestion) and a pancreatin digestion with pancreatin and bile salts for 2 h at 37℃ (to simulate small intestinal digestion) [15] . One gram of pepsin was dissolved in 100 ml distilled water to make the pepsin solution, whereas 0.4 g of pancreatin and 2.5 g of bile salts were dissolved in 100 ml distilled water to make the pancreatin-bile salt solution. The control (treated with inactive enzymes) and treatment (treated with active enzymes) sample groups were treated with these solutions as indicated above. For the control group, the solutions were boiled then cooled down to room temperature before treatment, thus deactivating the digestive enzymes. The procedure was as follows: 1 g of dried fruit powder was mixed with 2 ml pepsin solution (inactive for the control group; active for the treatment group) and 17 ml distilled water. The mixture was adjusted to pH 1.7-2.0 with HCl and incubated at 37℃ for 2 h in a shaking water bath. After the above incubation, 2 ml from each digested mixture was transferred into a 15 ml centrifuge tube and stored in a -20℃ freezer (the mixture fractions were then extracted by aqueous acetone for antioxidant evaluation). The remaining mixture would go to next pancreatin/bile salts digestion where the mixture was adjusted to pH 8.0 with 1 N NaOH, and 2 ml pancreatin-bile salts solution was added. The mixtures were digested in the same shaking water bath for 2 h. Following the digestion process, the digested mixtures were stored at -80℃ overnight, and then freeze-dried. The lyophilized mixtures were then extracted with aqueous acetone (1:1, vol/vol) and vortexed 3 times for 5 min each. The extracts were then filtered using Whatman filter paper (0.45 μm) and diluted with aqueous acetone to a concentration of 50 mg/ml. These samples were then used for antioxidant evaluation including TPC assay, DPPH radical scavenging assay, and ORAC assay (see Sections 2.5, 2.6, and 2.7).
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In Vitro Bioavailability Simulation
The experiment was conducted according to an established method with slight modification [16] . A portion (0.5 g) of the lyophilized mixture after above-described simulating digestion (with active enzymes) was mixed with 10 ml of 1 M NaHCO 3 and transferred to a cellulose dialysis tubing (SigmaAldrich). The dialysis mixture was then placed into a flask containing NaHCO 3 (pH 7.5) and incubated in a water bath at room temperature for 1 h with stirring. After dialysis, both solutions inside (fraction IN) and outside (fraction OUT, the colon bioavailable fraction) fractions of the dialysis tubing were frozen and lyophilized for further antioxidant assays.
Total Phenolic Content (TPC) Assay
TPC was evaluated using a Beckman DU 640 spectrophotometer (Beckman Coulter, Fullerton, CA, USA) with Folin-Ciocalteu's phenolic reagent [17] . Samples collected from in vitro digestion were diluted to 25 mg/ml with aqueous acetone. Gallic acid was used as a standard for preparing the standard curve (0.1, 0.2, 0.3, 0.4, and 0.5 mg/ml in aqueous acetone). All the samples and standards were run in triplicate. Each test tube contained 25 μl of a sample or standard and 250 μl distilled water. 750 μl of the Folin-Ciocalteu's phenol reagent was then added to each tube and mixed thoroughly using a vortex mixer. Then, 500 μl of 200 mg/ml sodium carbonate was added to each tube and vortexed. Samples and standards were incubated for 2 h at room temperature in the dark. Absorbance was detected at 765 nm using a spectrophotometer and the TPC of a sample was expressed as milligrams of gallic acid equivalents (GAE)/g fruit weight.
ORAC Assay
ORAC was used to measure the antioxidant activity of a sample to scavenge peroxyl radical and therefore protect the fluorescent molecule from radical attack. The assay was conducted as described by Zhou et al. [17] . The digested samples were diluted with aqueous acetone to a concentration of 1.3 mg/ml. All samples and standards were run in triplicate. The mixture of fluorescein and samples or standards was placed in a 96-well microplate. The plate was incubated for 15 min at 37℃ and 35 μl AAPH was then added to each sample and fluorescence was measured every 5 min for 100 min at an excitation wavelength of 485 nm and an emission wavelength of 520 nm. Results were expressed as μmol trolox equivalent (TE)/gram fruit weight.
DPPH Radical Scavenging Assay
The modified protocol was based on Brand-Williams et al. [18] . This assay measured the ability of the samples to quench DPPH radicals using trolox as the standard. The digested samples were diluted to 10 mg/ml with pure ethanol and then centrifuged at 6900 g for 20 min to eliminate residues. 100 μl of each sample or standard solutions was mixed with 150 μl of DPPH radical solution in a 96-well microplate and absorbance was measured at room temperature every 5 min for 2 h at 500 nm, using an HTS 7000 Bio Assay Reader (Perkin Elmer, Norwalk, CT, USA). All samples were run in triplicate. Results were expressed as μmol trolox equivalents (TE)/gram fruit weight.
Antioxidant Purification and HPLC Analysis
To profile antioxidant compounds in the extracts obtained from in vitro digested mixture (by active and inactive enzymes), XAD-16 (20-60 mesh, SigmaAldrich, St. Louis, MO, USA) open column chlormatography was used to remove sugars followed by solide phase extraction (Thermo Scientific HyperSep SPE-C18, Fair Lawn, NJ, USA) column to further remove other contaminants [19] . HPLC (C18 column, 250 × 4.6 mm; 4 μm) with diode array detection (Hitachi High Technologies America, Schaumburg, Illinois, USA) was then used to analyze individual antioxidants in the cleaned extracts using antioxidant standards. The samples were eluted with methanol (mobile phase A) and formic acid aqueous solution (1:99, vol/vol, mobile phase B) under room temperature at a flow rate of 1ml/min. Gradient grogram was set as follows: 10-30% A, 0-6 min; 30-50% A, 7-15 min; 50-70% A, 16-25 min; 70-100% A, 26-35 min; 100% A, 36-40 min. Samples and standards were profiled at a wide range of wavelengths (200-800 nm), with the optimal wavelength selected for comparison. Profiles of standards and samples were compared and matched on the basis of their retention time and ultraviolet (UV) light absorbance.
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Statistical Analysis
Antioxidant data obtained from the above performed assays was analyzed via SPSS using independent samples t-test. Data for each parameter is reported as mean ± SD. Outcomes were compared using p ≤ 0.05 as a cutoff point for statistical significance.
RESULTS AND DISCUSSION
TPC of the Elderberry Preparations
TPC is commonly used to determine the amount of accessible phenolic antioxidants in a sample [20, 21] . As shown in Figure 2 , the TPC values of the elderberry extract after first step stomach digestion simulation with inactive (G-) and active pepsin (G+) were 34.1 mg and 32.3 mg gallic acid equivalents (GAE) per gram (dry weight) of the elderberry mixture, respectively. After sequential intestinal digestion simulation, the TPC values of the digested mixture were 24.0 mg (treated with inactive pancreatic enzymes, GI-) and 25.2 mg GAE (treated with active pancreatic enzymes, GI+) per gram, respectively. The TPC contained in our elderberry sample (on dry weight) are comparable to the previous studies where 24 varieties of American elderberry samples contained 2.7-5.8 mg GAE per gram fresh weight [22, 23] . During the digestion simulation sequentially with pepsin and pancreatic juice, no significant difference was detected between the TPC of the elderberry mixtures treated with inactive and active digestive enzymes. Our results suggest that the GI digestion process did not show significant impact on the extractability (accessibility) of the elderberry. This is in contrast to a previous study showing that GI digestion improves the accessibility of wolfberry phenolics [19] . Indeed, studies of different fruits have shown varying results during the digestion [24] [25] [26] . Nevertheless, the result indicates that the process of digestion does not seem to destroy or reduce the amount of accessible phenolic antioxidants in elderberry.
FIGURE 2. Total phenolic content of elderberry digested by heat-inactivated and active digestive enzymes (mg GAE/g dry weight sample
). TPC of the samples was determined in triplicate and expressed in mg GAE/g dry weight sample. Texture bar represents the control group treated with the heat-inactivated enzymes, and grey bar represents the treatment group treated with active enzymes. Bars with different superscripts indicate significant difference (p < 0.05).
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ORAC of the Elderberry Preparations
ORAC assay was used to determine how GI digestion would affect the peroxyl radical scavenging capacity of elderberry. Trolox was used as the standard with results expressed as micromoles of trolox equivalents (TE) per gram dry weight of the digested mixture. As presented in Figure 3 , the ORAC values of the elderberry powder after sequential gastric and intestinal digestion simulation were 712.8 (G-) versus 661.8 (G+) and 581.2 (GI-) versus 587.1 (GI+) μmol TE/gram of the digested mixture, respectively. Similar to the effect of GI digestion on TPC of elderberry, we found no significant difference between the ORAC of the elderberry mixtures treated with inactive and active digestive enzymes. Although many studies have shown positive correlation between TPC and ORAC on various fruits or vegetables, higher total phenolic content does not always correspond to higher ORAC [27, 28] . In our case of elderberry, it appears that the TPC and ORAC of elderberry are positively correlated, and both are not significantly affected by GI digestions.
DPPH Radical Scavenging Activity of the Elderberry Preparations
Antioxidant capacity of the digested elderberry was further determined by DPPH radical scavenging assay which uses trolox as the antioxidant standard and expressed as μmol TE/gram (dry weight) of the digested mixture. As shown in Figure 4 , the DPPH radical scavenging activity of the elderberry powder after sequential gastric and intestinal digestion simulation were 276.1 (G-) versus 166.5 (G+) and 297.8 (GI-) versus 98.5 (GI+) μmol TE per gram of the digested mixture, respectively. The DPPH radical scavenging activity of the elderberry was reduced by 39.7% (G-versus G+, P < 0.05) after gastric digestion and by 66.9% (GI-versus GI+, P < 0.05) after GI digestion. Our data showed that GI digestion significantly reduced DPPH radical scavenging activity of the elderberry mixture. This is in contrast to the results for TPC and ORAC where GI digestion had no significant effect. Our result is in contrast to the result a previous study found that digestion process increased DPPH scavenging activity on 25 commer- 
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cially available fruit juices [29] . DPPH radical scavenging assay has been commonly used for antioxidant activity evaluation [30] . However, the assay which differs from ORAC assay by the type of radical produced, scavenging method and measurement. It is not unusual that DPPH radical scavenging activity is not positively correlated with TPC or ORAC for an antioxidant sample, especially when the sample contains a variety of antioxidants that have different mechanisms of action [31] . Previous studies have shown varying effects of digestion process on DPPH radical scavenging capacities of various fruits [26, 32] . The result indicated that the digestion process might have changed the composition of individual phenolic compounds but not the overall phenolic content (TPC) in elderberry mixture.
In Vitro Bioavailability Simulation of Phenolic Compounds in the Elderberry Preparations
Dialysis tube was used for evaluating and simulating the absorption of food bioactive compounds. The simulation experiments showed that 75.6% of total phenolic compounds can be dialyzed (Table 1) , indicating that the majority of phenolic compounds in elderberry after active GI digestion could be absorbed. The antioxidant activities of the outside portion (absorbed) were also higher than the inside portion (not absorbed). Evidence is accumulating in consensus that phenolic compounds such as anthocyanins are rapidly absorbed and excreted and that they are absorbed with poor efficiency [33, 34] . Indeed, the bioavailability of anthocyanins is very low with values reported to be less than 0.1% of the consumed amount excreted in the urine [33, 35] . However, in this dialysis study, most of the digested elderberry phenolic compounds were absorbed in the simulating conditions, which the same model has been commonly used for absorption evaluation. Further animal experiments are needed to confirm whether our finding in dialysis tubing can be translated into in vivo physiological environments. It is speculated that a significant portion of phenolic compounds being consumed could remain in the gastrointestinal tract. 
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Therefore, there is a possibility that these compounds are modified into molecular structures that are not identified with available analytical methods, rather than being absorbed [33] . Anthocyanin derived compounds may be found in the gastrointestinal tract as a consequence of the intestinal microflora which have been shown in vitro to modify phenolic compounds [33, [36] [37] [38] .
HPLC profile of elderberry antioxidants during simulated GI digestion Antioxidants in the samples were individually compared with the selected antioxidant standards based on HPLC retention time and spectra. Matching peaks were then quantified by peak integrate calculation. Ten individual antioxidants were identified and quantified in milligram of antioxidant per gram dry weight sample as shown in Table 2 . Antioxidants chlorogenic acid, rutin, catechin, p-coumaric acid, and quercetin were the major phenolic compounds in both elderberry samples. Other phenolics including caffeic acid, ferulic acid, epicatechin, and two anthocyanins cyanidin 3-glucoside and quercetin 3-glucoside were also identified with smaller amounts. The amounts of phenolic acids chlorogenic acid and p-coumaric acid in elderberry after digestion with active enzymes were significantly higher than those in the sample digested with inactive enzymes, while the epicatechin concentration was opposite, and quercetin 3-glucoside was not detected in the sample with active enzyme digestion. Collectively, our results suggest that GI digestion could impact release of phenolic compounds differently.
In summary, in vitro models provided a useful tool for rapidly determining the chemical forms of dietary phenolic compounds and their bioactive properties in the dynamic GI environment. Overall, the in vitro findings obtained in this study have demonstrated that GI digestion significantly decreased DPPH radical scavenging activity of elderberry but had no effect on its TPC and ORAC values. After GI digestion, more than 75% of elderberry antioxidants were potentially absorbable in our simulated dialysis tubing experiment. However it is well appreciated that true physiological impact and efficacy of dietary 
